Introduction
Direct electrochemistry of redox proteins or enzymes has been the research focus for many years in views of the good model of their electron transfer activity in biological systems; such activity serves as a foundation for fabricating electrochemical biosensors and bioreactors without using chemical mediators. 1 However, the proteins or enzymes exhibit a rather slow electron transfer rate of heterogeneous electron transfer at conventional electrodes, which can attribute to the deep bury of the electroactive prosthetic groups, the adsorptive denaturation of protein and the unfavorable orientations. [2] [3] [4] So proteins are often incorporated into different thin film-modified electrodes, which can enhance the direct electron transfer rate between the proteins or enzymes and the underlying electrodes. A variety of materials, such as surfactants, [5] [6] [7] [8] [9] [10] sol-gels, [11] [12] [13] polymers, 14-17 composite films, [18] [19] [20] [21] carbon nanotubes, [22] [23] [24] [25] [26] [27] and nanoparticles [28] [29] [30] [31] [32] have been employed to immobilize enzymes. Recently, nanoparticles have attracted increasing attention in electrochemical studies for the protein electrochemistry and protein immobilization because of some noticeable advantages of nanoparticles, such as large surface area, high thermal and chemical stability, tunable porosity and biocompatibility. In addition, the electron transfer activity and biocatalytic activity of enzymes increased when they were adsorbed on nanomaterials. Different kinds of nanostructured materials, including Au, 33 Ag, 34 CdS, 35 TiO2, 36 ZrO2, 37, 38 and CeO2 39 nanoparticles have attracted much attention for development of electrochemical biosensors. Shan et al. 40 investigated the direct electrochemistry of hemoglobin (Hb) entrapped in a composite film based on chitosan (CS) and CaCO3 nanoparticles. Sun et al. 41 also studied the direct electrochemistry and electroanalysis of Hb adsorbed on ZnO nanoparticles.
In recent years, more and more attention has been paid to the electrochemical behaviors of redox proteins entrapped in room temperature ionic liquids (RTILs) based matrixes [42] [43] [44] [45] due to the excellent physiochemical properties of RTILs, such as high ionic conductivity and wide potential windows. 46, 47 The combination of RTIL with conventional matrices can create unique materials, so they have been extensively used to prepare modified electrodes and biosensors in electroanalysis. Di et al. 48 reviewed the application of ionic liquids in the electrochemical sensors. Wen et al. 49 A stable composite film composed of 1-butyl-3-methyl-imidazolium tetrafluoroborate, chitosan, zirconia nanoparticles and the hemoglobin (Hb) was cast on the surface of an ionic liquid of an N-butylpyridinium hexafluorophosphate modified carbon paste electrode to fabricate a modified electrode. Scanning electron microscopy images of the modified electrode indicated that there was a dendritic structure on the modified electrode, and UV-Vis and FT-IR spectra showed that Hb in the composite film retained its native structure. Voltammetric experiments at the modified electrode showed that, in a pH 7.0 phosphate buffer solution, a pair of well-defined and quasi-reversible redox voltammetric peaks was obtained with the formal potential located at -0.216 V. The electrochemical parameters of Hb in the composite film were further carefully calculated: the electron-transfer rate constant was 0.52 s -1 and the charge transfer coefficient was 0.34. The catalytic reduction peak current had a linear relationship with the concentration of trichloroacetic acid (TCA) in the range from 0.2 to 10.3 mmol/L with a detection limit of 66.7 μmol/L. Therefore, the composite film as a novel matrix opened up a possibility for further study on the design of enzymatic biosensors with potential applications. 
Experimental

Reagents
Bovine hemoglobin (Hb, MW: 64500, Tianjin Chuanye Biochemical Limited Company, China), N-butylpyridinium hexafluorophosphate (BPPF6, 97%, Hangzhou Chemer Chemical Ltd. Co.,), chitosan (CS, deacetylation >90%, Shanghai Yuanju Biotechnology Co., Ltd., China), high purity graphite powder (SP, Sinopharm Chemical Reagent Co., Ltd., China).
[BF4]) and ZrO2 nanoparticles were synthesized and purified following the procedures described in the literature. 51, 52 Phosphate buffer solutions (PBS, 0.1 mol/L) were used as the supporting electrolyte. pH values of all solutions were adjusted by 0.1 mol/L phosphoric acid solution and 0.1 mol/L sodium hydroxide solution. All other chemicals were of analytical grade. All aqueous solutions were made with ultrapure water.
Apparatus
Electrochemical measurements were performed on a CHI660A electrochemical workstation (Shanghai CH Instrument Co. Ltd., China) with a conventional three-electrode system. The working electrode was made by the procedure of Fabrication of Hb- [BMIM] [BF4]-CS-ZrO2/CILE. A saturated calomel electrode (SCE) and a platinum electrode served as reference electrode and counter electrode, respectively. The surface morphologies of the modified electrodes were identified with a JSM-6390F scanning electron microscope (SEM, JEOL, Japan). Ultraviolet-visible (UV-Vis) spectra were obtained on a Lambda 40 UV-Vis spectrophotometer (Perkin Elmer Instrument Co. Ltd., USA). An EQUINOX-55 FT-IR spectrophotometer (Bruker Company, Germany) was used for recording absorption and infrared spectra. A DL-180 ultrasonic cleaning machine (35 KHz, Zhejiang Haitian Electron Instrument Factory, China) was used to dissolve and form homogeneous solutions. A Milli-Q system (Millipore Co., USA) was used to prepare of ultrapure water.
Fabrication of Hb-[BMIM][BF4]-CS-ZrO2/CILE
The CILE was prepared by hand-mixing of BPPF6 and graphite powder with a ratio of 3:5 (w/w) at 80 C for 2 h. A portion of the resulting paste was packed firmly into the cavity (2.0 mm i. [
[BF4]-CS/CILE and Hb-CS/CILE were also prepared with the same procedures as those described above. All the modified electrodes were stored at 4 C in a refrigerator when not in use.
Experimental procedure
The electrochemical measurements were carried out in a 20 mL electrochemical cell containing 0.1 mol/L PBS, which was purged with highly purified nitrogen for 30 min prior to each series of experiments and maintained in a nitrogen atmosphere during the experiments. CV experiments were performed between -0.8 and 0.2 V at the scan rate of 0.1 V/s. The peak currents and potentials of Hb were recorded by a CHI660A workstation. All experiments were performed at room temperature (25 ± 2 C). The current-time curves were recorded in a stirred cell with a successive addition of TCA standard solution to the cell. All potentials in this work were versus the SCE.
Results and Discussion
Surface morphologies of the modified electrodes Figure 1 shows the SEM top views of the different modified electrodes. At the surface of the bare CILE (Fig. 1a) , a uniform film was observed without a separated carbon layer, the film was due to the embedment of ionic liquid BPPF6 between the layers of carbon and dispersed the carbon powder homogeneously. After Hb- [BMIM] [BF4]-CS-ZrO2 was cast on the CILE (Fig. 1b) , a dendritic structure was observed, indicating that Hb- [BMIM] [BF4]-CS-ZrO2 composite film was successfully immobilized on the surface of electrode. 
UV-visible and FT-IR spectra characterization
When one studies the UV-visible absorption spectra and FT-IR spectral band shapes, the shape and position of the Soret band and the amide I (1600 -1700 cm -1 ) and amide II (1500 -1600 cm -1 ) of IR bands can provide detailed information on the secondary structure of the polypeptide chain, especially on the conformational variation around the heme region. If the protein structure had been changed or the protein was denatured, the Soret band of Hb would shift or decrease and the intensities of the amide I and II bands would significantly diminish or even disappear.
As shown in 
Direct electrochemistry of Hb in [BMIM][BF4]-CS-ZrO2/CILE
The electrochemical behaviors of Hb at the modified electrode were examined in a pH 7.0 PBS; and the results are shown in Fig. 4 . No electrochemical response appeared on bare CILE (Fig. 4a) and [BMIM] [BF4]-CS-ZrO2/CILE (Fig. 4b) between -0.8 and 0.2 V at the scan rate of 0.1 V/s, which indicated that no electroactive substances existed on the electrode surface. On Hb-CS/CILE (Fig. 4c) (Fig. 4e) , however, a pair of redox peaks appeared. Here, a couple of well-defined redox peaks were observed only for Hb- [BMIM] [BF4]-CS-ZrO2/CILE with an oxidation potential (Epa) of -0.176 V and a reduction potential (Epc) of -0.255 V. The redox peaks was attributed to the electrode process of electroactive center of Fe(III)/Fe(II) couples in the Hb molecule. The apparent formal potential (E 0 ′), taken by the average value of the anodic and cathodic peak potentials, was estimated to be -0.216 V and the peak-to-peak separation (ΔEp) was 79 mV at the scan rate of 100 mV/s, indicating a fast electron transfer process. If one compares with Figs. 4c and 4d, the peak current of Hb increased significantly and, ΔEp decreased in Fig. 4e [BMIM][BF4]-CS-ZrO2/CILE was a surface-confined mechanism in the above-mentioned potential scope, manifesting the characteristics of thin-layer surface-controlled electrochemical behaviors.
Meanwhile, the linear relationships between the peak potential (Ep) and the logarithm of the scan rates (v) for both the cathodic and anodic peaks were also plotted. In the range from 100 to 250 mV/s, according to Laviron's equation, 53 ,54 the anodic and cathodic peak potentials were linearly dependent on log v with slopes of -2.3RT/αnF and 2.3RT/(1 -α)nF, respectively. So, the electron transfer coefficient (α) was calculated as 0.34 and n was approximately 4. The apparent heterogeneous electron transfer rate constant (ks) was further calculated according to the following equation:
and the result obtained was 0.52 s -1 , which was larger than that of Hb immobilized on Au-colloid-cysteamine-modified gold electrode (0.49 s -1 ) 55 or that of Hb modified CNT powder microelectrode (0.062 s -1 ). 56 Thus, ZrO2 nanoparticles can provide a microenvironment for Hb to undergo a facile electron transfer reaction.
The surface concentration of the electroactive proteins (Γ*) was further estimated by integration of the CV reduction peaks, based on the following formula:
Here Q is the integration charge of the reduction peak, A is the surface area of CILE, and n and F have their conventional meanings. The charge value (Q) was nearly constant in scan rates from 50 to 500 mV/s and the average value of Γ* was calculated as 5.80 × 10 -9 mol/cm 2 . So the relative amount of electroactive Hb was 47.0% of the total amount of Hb deposited on the electrode surface, which was larger than that reported for other nano-materials. 41, 57 The larger surface coverage can be ascribed to the expanded interspace to hold more Hb molecules, indicating that intercalated Hb in the composited film participated in the electron transfer process. It demonstrate that, due to the good biocompatible microenvironment and synergistic effects provided by [BMIM] [BF4]-CS-ZrO2, the protein structure undergo a slight unfolding with adsorption onto [BMIM] [BF4]-CS-ZrO2 composite film.
Effect of pH value
The effect of pH value on the electrochemical behaviors of Hb was investigated. Hb was found to be electroactive in the tested pH value range from 6.48 to 9.01; the formal potential shifted negatively with the increase of pH value. A linear regression equation was obtained: E 0 ′(V) = -0.054pH + 0.240 (n = 6, r = 0.9935). The slope of -54 mV/pH was slightly lower than that of the theoretical value of -59 mV/pH at 25 C for a reversible electron transfer coupled by proton transport with an equal number of protons and electrons. 58 The equation could also imply that the redox reaction was a coupling of a single electron with a single proton. The electrochemical reduction of Hb can be simply expressed as follows: 59 Hb heme Fe(III) + H + + e -←→ Hb heme Fe(II)
Electrocatalytic activity of Hb in the modified electrode to TCA The electrocatalytic activity of the Hb- [BMIM] [BF4]-CSZrO2/CILE toward TCA is shown in Fig. 6 . When TCA was added into a pH 7.0 PBS, a significant increase of the reduction peak at -0.256 V (vs. SCE) was observed, with the disappearance of the oxidation peak of Hb, demonstrating the typical electrocatalytic reduction process of TCA. The more the TCA was added, the greater the reduction peak increased. It suggested the Hb- [BMIM] [BF4]-CS-ZrO2/CILE showed electrocatalytic properties to the reduction TCA. 61 and ZnO-MWCNTs (1 -82.6 mmol/L). 62 And the linear regression equation was obtained as 
Here Iss is the steady current after the addition of substrate, C the bulk concentration of the substrate, and Imax the maximum current measured under saturated substrate condition. The value of K app M and Imax could be obtained by the slope and the intercept of the plot of the reciprocals of the steady-state current versus TCA concentration. According to this method, the K app M value was calculated as 10.8 mmol/L.
Stability and repeatability of the modified electrode
The stability of the modified electrode was also studied. No obvious change of Hb was found after the Hb- [BMIM] [BF4]-CS-ZrO2/CILE was stored in a refrigerator at 4 C for one week and the electrochemical response of the Hb on the CILE decreased less than 4% within three weeks, demonstrating that the modified electrode had a good stability.
The repeatability of the Hb- [BMIM] [BF4]-CS-ZrO2/CILE was studied by cyclic voltammetry. After 50 cycles scan, the current of redox peak of Hb remained at 90% of its initial current value, indicating that the modified electrode had a good repeatability.
Conclusions
In this research, Hb was immobilized effectively into a composite film consisting of hydrophilic ionic liquid [BMIM] [BF4], CS and ZrO2 with CILE as the basal electrode. The results of investigation showed that Hb- [BMIM] [BF4]-CS-ZrO2 nanocomposite film had a dendritic structure and that Hb retained its native structure on the proposed electrode; meanwhile, Hb on the proposed electrode exhibited a fast direct electron transfer and a large surface coverage, and the proposed electrode had a good electrocatalytic activity towards TCA. Thus, based on the electrocatalytic properties, the Hb modified electrode was employed to determine TCA by amperometry, results indicated that it had some advantages such as wider linearity range, lower detection limit and better stability. These advantages should be attributed to the good biocompatible microenvironment and synergistic effects provided by [BMIM] [BF4]-CS-ZrO2. These characteristics suggested that [BMIM] [BF4]-CS-ZrO2 composite film was an effective support matrix for Hb immobilization. Such film might feature wider applications in biocatalysis and biosensors.
